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methodAbstract An attempt has been made to examine the two dimensional free stream squeezed flow
through a horizontal sensor surface of an electrically conducting Carreau-Yasuda fluid subject to
transverse magnetic field. The governing nonlinear partial differential equations are modeled and
then simplified with the aid of suitable similarity transformations. Well known numerical scheme
Runge–Kutta–Fehlberg method is utilized to solve the system. Concrete graphical analysis is car-
ried out to investigate the behavior of different pertinent parameters on velocity profile with inclu-
sive discussion. Numerical influence of friction factor is also discussed.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Due to immense industrial and engineering applications, it is
supreme interest to examine the magneto-hydrodynamic flow.
The main purpose of magneto-hydrodynamic principles is to
disturb the flow field in a preferred direction by varying the
structure of the boundary layer. Thus, in order to amend the
flow kinematics, the idea to implement MHD appears to be
more easy and consistent. In medicine and biology, MHD
has been receiving emergent attention of physiologists, fluid
dynamicists and medical practitioners, due to its significance
in biomedical engineering as well as in the cure of various
pathological circumstances. Further example that fits to the
above class of problems is modern metallurgical and metal-
working processes. Mukhopadhyay [1] studied the MHD flowof viscous fluid induced due to exponentially stretching sheet.
She obtained the solution of velocity and temperature func-
tions by shooting method. Moreover, she found that as the
magnetic field increases the surface shear stress enhances. Jat
et al. [2] discussed the heat transfer flow of viscous fluid over
an exponentially stretching sheet under the influence of radia-
tion, viscous dissipation and magnetic force. They found that
heat transfer rate enriches as the magnetic field increases.
Desale et al. [3] carried out an investigation to see the effect
of boundary layer MHD flow over a nonlinear stretching
sheet. They concluded that the influence of magnetic field in
reduction of velocity profile is more prominent than nonlinear
stretching parameter. Uddin et al. [4] explored the numerical
solution of MHD nonlinear nanomaterial stretching or shrink-
ing sheet along with convective heating and Navier slip condi-
tions. They illustrated that by increasing magnetic field the
concentration and temperature profiles enhance. Awais et al.
[5] discussed the MHD peristaltic flow of Jeffery fluid in an
asymmetric channel with convective boundary conditions.
They calculated the solution by using long wavelength approx-
imation. Hayat et al. [6] studied the MHD peristaltic flow of//dx.doi.
2 T. Salahuddin et al.nanofluid in a channel with slip, wall properties and Joule
heating. They found that both the nanoparticles concentration
and temperature are increasing functions of thermophoresis
and Brownian motion parameters. Akbar et al. [7] investigated
the numerical solution of MHD Eyring-Powell fluid over a
stretching sheet and found that the increment in magnetic field
and Eyring–Powell fluid parameters reduces the velocity pro-
file. Mabood et al. [8] analyzed the effects of MHD and viscous
dissipation over a non-linear stretching sheet. They concluded
that local Nusselt and Sherwood numbers reduces by increas-
ing magnetic field. Hakeem et al. [9] examined the numerical
solution for the MHD flow of nanofluid towards a stretching
sheet with thermal radiation and second order slip conditions.
They initiated that the second order slip and magnetic field
have imperative influence on both shrinking and stretching
sheet. By increasing the magnetic field the lower branch solu-
tion of shrinking sheet disappears. Sheikh et al. [10] discussed
the heat generation/absorption and thermophoresis effects on
MHD flow over an oscillatory stretching sheet. They effectu-
ated that motion of the fluid deaccelerates by increasing mag-
netic field. Malik et al. [11] deliberated the solution of MHD
flow of Williamson fluid towards a stretching cylinder by using
shooting method. They found that velocity profile reduces by
increasing magnetic field and Williamson parameter. Ali
et al. [12] deliberated the numerical and analytical solutions
of radially non-linear stretched surface with slip effects. They
compared analytic and numerical results of the problem.
Mahanthesh et al. [13] discussed the MHD flow of nanofluid
(Cu, Al2O3 and TiO2) over a bidirectional non-linear stretch-
ing surface. They calculated the results for both non-linear
and linear stretching sheet cases. Some other articles related
to MHD flow are described in Refs. [14–23].
Researchers currently have concentrated considerably on
sensor surface due to its importance in biological and chemical
processes. Microcantilever is such an example which has the
ability to detect various diseases or can be used to accurately
sense many bio-warfare or hazardous agents. Khaled and
Vafai [24] studied the role of sensor surface confined inside a
squeezed channel. They inaugurated that by increasing the wall
suction velocity and magnetic field the local Nusselt number
enriches. Rashidi et al. [25] obtained approximate solutions
for two-dimensional unsteady squeezing flow between two par-
allel plates. They concluded that homotopy analysis method
provides good approximation for both strongly and weakly
non-linear problems. Haq et al. [26] analyzed the hydromag-
netic squeezed flow of nanofluid towards a sensor surface.
They initiated that by raising the nanoparticle volume fraction
the velocity profile reduces.
Most of the fluids used in industries are non-Newtonian
[27–31]. In such fluids there is no linear relationship between
stress and deformation rate. Examples of such fluids are pulps,
molten polymers, animal blood, etc. Carreau-Yasuda fluid is
such a model that predicts the shear thinning/thickening
behavior. Hayat et al. [32] discussed the peristaltic flow of
Carreau-Yasuda Fluid with slip effects in a curved channel.
They found that increase in velocity slip parameter decreases
the retrograde pumping and peristaltic regions. The peristaltic
flow of Carreau–Yasuda fluid model in an asymmetric channel
with Hall and Ohmic heating effects was studied by Hayat
et al. [33]. They made a comparative study for viscous, Car-
reau, and Carreau-Yasuda fluids. Hayat et al. [34] discussed
the mixed convective peristaltic transport of Carreau–YasudaPlease cite this article in press as: T. Salahuddin et al., MHD squeezed flow of Carre
org/10.1016/j.aej.2016.08.029fluid with chemical reaction and thermal deposition. They
studied the problem by assuming the large wavelength and
small Reynolds number approximation.
The above literature review illustrates that no one has stud-
ied so far the unsteady MHD boundary layer flow of Carreau-
Yasuda fluid over a horizontal sensor surface inward a squeez-
ing horizontal channel. After employing the appropriate simi-
larity transformations the required equation of motion is
reduced into non-linear differential form. The numerical solu-
tion of the resulting equation is calculated through Runge-
Kutta- Fehlberg method. Finally, the impact of dimensionless
parameters on the flow streamlines and velocity profile along
with the friction factor are discussed with the help of graphs
and table.
2. Mathematical formulation
Consider unsteady two-dimensional Carreau-Yasuda fluid
flow between two infinite parallel plates. The microcantilever
sensor of length L is enclosed inside the channel and the upper
surface of the channel is squeezed, but the lower surface is
fixed. It is assumed that the height hðtÞ is greater than the
boundary layer thickness. The flow is driven by the external
free stream velocity Uðx; tÞ and the magnetic field of strength
Bm is applied normal to the channel as shown in Fig. 1.
The constitutive equation of Carreau-Yasuda fluid is
s ¼ l1 þ ðl0  l1Þ 1þ ðC _cÞd
 n1
d
 
A1; ð1Þ
in which, s is the extra stress tensor, A1 is the first Rivlin-
Ericksen tensor, l0 is the zero shear rate viscosity, l1 is the
infinite shear rate, d, n and C are the Carreau-Yasuda fluid
parameters and _c is defined as _c ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2trðD2Þ
q
, where
D ¼ 1
2
½gradVþ ðgradVÞT. Here it is assumed that l1 ¼ 0, then
Eq. (1) takes the following form:
s ¼ l0½1þ ðC _cÞd
n1
d A1; ð2Þ
According to the present situation following are the equa-
tions of continuity, momentum and free stream:
@u
@x
þ @v
@y
¼ 0; ð3Þ
@u
@t
þ u @u
@x
þ v @u
@y
¼  1
q
@p
@x
þ m @
2u
@y2
þ ðn 1Þm
d
Cdðdþ 1Þ
 @u
@y
 d
@2u
@y2
 rmB
2
m
q
u; ð4Þ
@U
@t
þU @U
@x
¼  1
q
@p
@x
 rmB
2
m
q
U; ð5Þ
where m is the kinematic viscosity, p is the fluid pressure, u and
v are the x-component and y-components of velocity respec-
tively, q is the density, n is the power law index, rm is the elec-
tric charge density, d is the generalized parameter and C is the
time constant.
Eq. (4) is valid within the boundary layer while Eq. (5) is
the outer stream flow which is presumed to be inviscid. There-
fore, this assumption is devalued when the sensor length is
taken to be much closer to the channel’s height. Momentumau-Yasuda fluid over a sensor surface, Alexandria Eng. J. (2016), http://dx.doi.
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Figure 1 Flow configuration and coordinate system.
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Figure 2 The influence of M on f0 ðgÞ.
MHD squeezed flow of Carreau-Yasuda fluid 3Eq. (4) takes the following form after eliminating the pressure
gradient from Eq. (5):
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the hydrodynamic boundary conditions for the problem can be
written as follows:
uðx; 0; tÞ ¼ 0; vðx; 0; tÞ ¼ v0ðtÞ; uðx;1; tÞ ¼ Uðx; tÞ: ð7Þ
Eq. (6) can be transformed to ordinary differential form
when the following conditions and variables are executed:
U ¼ ax; g ¼ y a
m
 1=2
; a ¼ 1
sþ bt ;
v0ðtÞ ¼ viðaÞ1=2; fðgÞ ¼ W
xðamÞ1=2
: ð8Þ
where a is the strength of squeeze flow but b is arbitrary con-
stant. Eq. (8) displays that the motion of the channel’s height is
according to the following relation: hðtÞ ¼ h0=ðsþ btÞ1=b and
hðtÞ ¼ h0est for b ¼ 0 where h0 is a constant. The surface per-
meable velocity enhances as the time reduces (when b > 0),
since squeezing velocity rises as time declines.
Now, substituting the transformations (8) into Eq. (6) to
get similar equation of the form
f 000 þ f 00 fþ bg
2
 
 ðf 0Þ2 þ 1þ bðf 0  1Þ
þ ðn 1Þðdþ 1Þ
d
Wedðf 00Þdf 000 þM2ð1 f 0Þ ¼ 0; ð9Þ
for d ¼ 2 the problem reduces to Carreau fluid model but in
this problem the value of Yasuda parameter d is taken to be
1. So Eq. (9) reduces toPlease cite this article in press as: T. Salahuddin et al., MHD squeezed flow of Carre
org/10.1016/j.aej.2016.08.029f 000 þ f 00 fþ bg
2
 
 ðf 0Þ2 þ 1þ bðf 0  1Þ þ 2ðn 1ÞWef 00f 000
þM2ð1 f 0Þ ¼ 0; ð10Þ
the transformed boundary conditions take the following form:
fð0Þ ¼ 0; f 0ð0Þ ¼ f0; f 0ð1Þ ¼ 1; ð11Þ
where M2 ¼ rmB2mqa is the Hartmann number, f0 is the permeable
velocity parameter and Wed ¼ ax ﬃﬃamp C
 d
is the Weissenberg
number.au-Yasuda fluid over a sensor surface, Alexandria Eng. J. (2016), http://dx.doi.
Figure 3 The influence of n on f0 ðgÞ.
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Figure 4 The influence of b on f0 ðgÞ.
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4 T. Salahuddin et al.In practical applications, the quantity of physical interest is
to be determined. i.e. surface shear stress. This can be attained
in terms of skin friction coefficient, from the subsequent
relation,
Cf ¼ 2sw
laRe1=2
¼ f 00ð0Þ þ ðn 1ÞWef 002ð0Þ; ð12Þ
where l is the dynamic viscosity, sw is the wall stress and Reis
the Reynolds number.
3. Numerical method
The nonlinear momentum Eq. (10) subject to the boundary
conditions (11) has been integrated numerically by using
Runge-Kutta-Fehlberg method with shooting technique. ForPlease cite this article in press as: T. Salahuddin et al., MHD squeezed flow of Carre
org/10.1016/j.aej.2016.08.029this purpose, the ordinary differential Eq. (10) is amended into
following form:
f 000ð1þ 2ðn 1ÞWef 00Þ ¼ f 00 fþ bg
2
 
þ ðf 0Þ2  1
 bðf 0  1Þ M2ð1 f 0Þ; ð13Þ
Transform the governing non-linear ordinary differential Eq.
(13) to a system of first order differential equations as follows:
f ¼ m1;
f0 ¼ m01 ¼ m2;
f00 ¼ m02 ¼ m3; ð14Þ
hence Eq. (13) becomesau-Yasuda fluid over a sensor surface, Alexandria Eng. J. (2016), http://dx.doi.
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MHD squeezed flow of Carreau-Yasuda fluid 5m03 ¼
m3m1  0:5bgm3 þm22  bm2 þ bM2 þM2m2
1þ 2ðn 1ÞWem3 ; ð15Þ
and the initial conditions are:
m1ð0Þ ¼ 0; m2ð0Þ ¼ f0; m3ð0Þ ¼ u1: ð16Þ
Here two initial conditions are requisite but one initial con-
dition on m3 is assumed. However, the value of m3 is known at
infinity. Thus, this end condition is utilized to produce one
unknown initial condition at g ¼ 0. The resulting initial value
problem is solved by using the fifth order Runge–Kutta
method. The Newton–Raphson method is also executed to
correct the guessed values of m3ð0Þ.Please cite this article in press as: T. Salahuddin et al., MHD squeezed flow of Carre
org/10.1016/j.aej.2016.08.0294. Results and discussion
This section disquiets with the physical interpretation of differ-
ent embedded physical parameters on flow streamlines, veloc-
ity and skin friction coefficient. The representative velocity
profile for unlike values of Hartmann number M is displayed
in Fig. 2. It is worth noting that the flow boundary layer thick-
ness increases with each increment in Hartmann number M.
Because by increasing Hartmann number M, the resistance
in the flow direction increases but as the upper surface is
squeezing this cancels the effect of Hartmann number M, so
velocity profile increases. Fig. 3 illustrates the influence of
power law index n on velocity profile. It is noticed that the
boundary layer thickness and the velocity profile reduce by
increasing power law index n. Fig. 4 shows the effect ofau-Yasuda fluid over a sensor surface, Alexandria Eng. J. (2016), http://dx.doi.
Figure 11 Stream lines for M ¼ 0:1.
Figure 12 Stream lines for M ¼ 0:6.
Figure 13 Stream lines for M ¼ 1:2.
Table 1 Numerical consequences of skin friction coefficient
f00ð0Þ þ ðn 1ÞWef002ð0Þ for different values of M; b;We; n and
f0.
M b We n f0 f
00ð0Þ þ ðn 1ÞWef002ð0Þ
0.1 0.1 0.1 1.1 1 0.8138
0.8 0.1 0.1 1.1 1 1.0466
1.6 0.1 0.1 1.1 1 1.6010
0.1 0.1 0.1 1.1 1 0.8138
0.1 0.7 0.1 1.1 1 0.5413
0.1 1.2 0.1 1.1 1 0.2269
0.1 0.1 1.5 1.1 1 0.8771
0.1 0.1 2.3 1.1 1 0.8933
0.1 0.1 0.1 1.1 1 0.8138
0.1 0.1 0.1 30 1 2.5388
0.1 0.1 0.1 60 1 4.1291
0.1 0.1 0.1 1.1 1 0.8138
0.1 0.1 0.1 1.1 1.4 0.6621
0.1 0.1 0.1 1.1 1.7 0.5686
6 T. Salahuddin et al.squeezed flow index b on velocity profile. This figure indicates
that the velocity profile reduces for large values of squeezed
flow index b. Because by increasing the squeezing phenomena
the kinetic energy of the fluid particles enhances. But there is
an inverse relation between strength of squeeze flow a and
squeezed flow index b. So the velocity profile reduces. Fig. 5
depicts the influence of permeable velocity parameter f0 on
velocity profile. Because by increasing permeable velocity
parameter f0, suction takes place which affects the flow and
hence velocity profile reduces. It is noticed that the velocity
profile reduces for incremented values of permeable velocity
parameter f0. Fig. 6 captures the effect of Weissenberg numberPlease cite this article in press as: T. Salahuddin et al., MHD squeezed flow of Carre
org/10.1016/j.aej.2016.08.029We on velocity profile, the Weissenberg number We being the
ratio of relaxation time to the specific process time. Bigger val-
ues of Weissenberg number We enhance the relaxation time of
the fluid. Hence resistance in flow direction takes place causing
velocity to drop.
The variation in skin friction coefficient Cf, given by Eq.
(10), as a function of the Hartmann number M is shown in
Figs. 7–10, for different values of Weissenberg number We,
squeezed flow index b, power law index n and permeable veloc-
ity parameter f0. Fig. 7 shows that for several values of Weis-
senberg number We, the magnitude of Cf increases with
variation in Hartman number M. Fig. 8 depicts that the mag-
nitude of Cf diminishes as the values of squeezed flow index b
are increased. Fig. 9 portrays that each curve increases for dif-
ferent values of power law index n. Fig. 10 manifests that the
magnitude of Cf reduces when permeable velocity parameter
f0 is incremented. Streamlines for several values of Hartmannau-Yasuda fluid over a sensor surface, Alexandria Eng. J. (2016), http://dx.doi.
MHD squeezed flow of Carreau-Yasuda fluid 7number M are shown in Figs. 11–13. It is analyzed that due to
increase in Hartmann number M the streamlines are stretched
towards x-axis. Finally, the disparity of skin friction coefficient
Cf for dissimilar values of M; b;We; n and f0 is shown in
Table 1.
5. Conclusion
An investigation has been executed to examine the squeezed
flow of Carreau-Yasuda fluid over a sensor surface in the pres-
ence of magnetic field . The effects are explored through
graphs and table in order to demonstrate the parametric sensi-
tivity of the flow. The outcomes pertaining to the present anal-
ysis are cataloged below:
 The presence of Hartmann number M enhances the bound-
ary layer thickness and velocity profile.
 The velocity profile reduces by increasing squeezed flow
index b.
 The skin friction coefficient at the surface enhances with
increasing values of power law index n and Hartmann num-
ber M.
 The effect of permeable velocity parameter f 0 on velocity
profile and skin friction coefficient is opposite.
 The increasing values of Weissenberg number We reduce
the boundary layer and velocity profile.
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